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Zirconium hydride (ZrHj) is an ideal neutron moderator material. However, radiation effect significantly changes its
properties, which affect its behavior and the lifespan of the reactor. The threshold energy of displacement is an important
quantity of the number of radiation defects produced, which helps us to predict the evolution of radiation defects in ZrH;.
Molecular dynamics (MD) and ab initio molecular dynamics (AIMD) are two main methods of calculating the threshold
energy of displacement. The MD simulations with empirical potentials often cannot accurately depict the transitional states
that lattice atoms must surpass to reach an interstitial state. Additionally, the AIMD method is unable to perform large-
scale calculation, which poses a computational challenge beyond the simulation range of density functional theory. Machine
learning potentials are renowned for their high accuracy and efficiency, making them an increasingly preferred choice for
molecular dynamics simulations. In this work, we develop an accurate potential energy model for the ZrH, system by using
the deep-potential (DP) method. The DP model has a high degree of agreement with first-principles calculations for the
typical defect energy and mechanical properties of the ZrH, system, including the basic bulk properties, formation energy
of point defects, as well as diffusion behavior of hydrogen and zirconium. By integrating the DP model with Ziegler—
Biersack-Littmark (ZBL) potential, we can predict the threshold energy of displacement of zirconium and hydrogen in
e-ZrH;.

Keywords: zirconium hydride, deep learning potential, radiation defects, molecular dynamics, threshold en-

ergy of displacement
PACS: 61.66.Dk, 07.05.Mh, 34.20.Cf, 82.20.Wt

1. Introduction

Zirconium hydride is commonly used as a neutron mod-
erator in nuclear reactors.!!) The TRIGA research reactor!?! of
general atomics and the thermonuclear propulsion project!?!
of NASA both used zirconium hydride as the neutron moder-
ator material. There have been many experimental*8 and
theoretical®~!3) studies on zirconium hydride. The experi-
mental researches primarily focused on the location of hy-
drogen in o-Zr,[*! the phase stability of zirconium hydride
in zircaloy,[®! and identification and characterization of zirco-
nium hydrides,!”) as well as the effect of hydride precipitation
on mechanical properties of zircaloy-4 panels with and with-
out notches.!®! The density functional theory was employed
to theoretically examine fundamental characteristics of the
zirconium hydride system, including its ground state crystal
structure, 1] the influence of hydrogen concentration and po-

[10,11]

sition on phase stability, as well as to explore the thermo-

dynamic properties!'>!#! and predict potential structures.'?!
The investigation into the resistance of zirconium hydride

to neutron radiation and elucidation of its radiation damage

mechanism are among the focal areas of research. Zirconium

hydride serves as a neutron moderator in extreme operating

Corresponding author. E-mail: zxliu@hnu.edu.cn
fCorresponding author. E-mail: hqdeng@hnu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad362b

environments of high temperature and intense radiation in nu-
clear reactors: fission neutrons collide with zirconium hydride
lattice atoms to generate a large number of primary recoil
atoms carrying energy, thus triggering off a shift cascade and
generating primary damage defects such as vacancies and in-
terstitial atoms. These defects diffuse and aggregate to form
defect structures such as dislocation loops and voids, thereby
changing the microstructure and macroscopic performance of
zirconium hydride, affecting its service behavior and reactor
life. Due to the complexity of experimental conditions, it is
difficult to observe the influence of defect properties on the
microstructure and service performance of zirconium hydride
experimentally. The molecular dynamics method based on
interatomic potentials is an effective tool for addressing the
challenges mentioned above. This method enables dynamic
simulations of millions of atoms at high temperatures, with a
time scale reaching the nanosecond level. However, the accu-
racy of these methods largely depends on the ability of inter-
atomic potentials to accurately describe the material proper-
ties. Currently, the attention of researchers is paid to the diffu-
sion behavior of hydrogen in ¢-Zr by using the embedded-
atom method (EAM)1® and the modified embedded-atom

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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method (MEAM)!!7] potentials. However, these potentials are
not suitable for simulating hydrides. The charge-optimized
many-body (COMB) potential,!'®! which focuses on zirco-
nium hydride (ZrH;), cannot describe 6-ZH; or €-ZrH, si-
multaneously. Similarly, the MEAM potential ') specifically
addresses the diffusion of hydrogen in §-ZH;. Due to the in-
tricate phase structure of zirconium hydride, the accurate de-
scribing of the zirconium hydride system using traditional em-
pirical potential poses significant challenges. The latest de-
velopments of machine learning (ML) potential>*-3% meth-
ods bring new possibilities to high-precision atomic interac-
tion modeling. After appropriate training, these models may
achieve high accuracy comparable to density functional the-
ory (DFT) methods. Deep-potential (DP), one of the pop-
ular machine learning potential methods, has demonstrated
strong ability to describe the properties of multi-component
materials due to the ability of neural networks to excellently
The DP
method has been successfully applied to various metal mate-
rial fields, including Al-Mg alloys,*!) Al-Cu-Mg alloys, (%]
Ag-Au nanoalloys,[33] Ti, 341 v, 1351 w1361 and Fe-He 37 sys-
tems. Therefore, it is anticipated that the DP method can be

fit high-dimensional and multi-variable functions.

employed to construct a machine learning potential for the
ZrH, system, enabling atomic simulations and facilitating the
exploration of the effects of radiation on the mechanism of zir-
conium hydride. The purpose of this work is to develop a spe-
cific interatomic potential by using the deep-potential method
of the ZrH, system, capable of accurately describing the prop-
erties of both zirconium and zirconium hydride. The predic-
tion of threshold energy of displacement in &-ZrH, can pro-
vide preliminary preparation for the molecular dynamics study
of the radiation defects of ZrH,.

2. Methods
2.1. Deep learning potential model

The DP?! model divides the total potential energy of the
system into the sum of energy of each atomic configuration,
ie., E =Y E;, where E; is determined by the local environ-
ment of atom i within the truncation radius R.. The mapping
relationship between E; and the atomic local environment in-
cludes the multi-body interactions among atoms. The local
environment can be defined as {j|j € Ng_ (i)}, where j repre-
sents the atoms within the cutoff radius of atom i. The total
number of atoms within the cutoff radius is N; = |Ng, (i) |, and
the local environment matrix of atom i can be expressed as

. T

Ri = {RE,...,RJT-I-,...R&I-} {RE,...,RJT»,»,...R%I,‘,} :
Rji = (Xji,yjis2ji) » (D

where Rj; = R; — R; is relative coordinate. In the DP model,

the local environment matrix is initially transformed into a de-

scriptor D that maintains the symmetries of rotation, transla-
tion, and permutation. Then, the energy E; is mapped by using
the fitting net F and expressed as

E;=F (D(%). 2

The DP model comprises two neural networks: one is for
embedding and the other is for fitting. Elaborate parameter
configurations for the embedding layer and fitting layer are
delineated in Subsection 2.2.4.

2.2. Sampling scheme based on DP-GEN

The DP-GEN®I active learning process comprises three
main steps: exploration, labeling, and training. Beginning
with an initial training set, the potential is trained and utilized
to explore spatial structure through a molecular dynamics ap-
proach. Simultaneously, the error exploration indicator with
the largest internal bias is employed to filter out configura-
tions that cannot be accurately predicted, which are then sent
for labeling. The energy, force, and virial tensors of nomi-
nal configurations are computed by using first-principles soft-
ware and added to the training set for further potential refine-
ment. These three processes form a cyclic loop where the
initial training set generates potentials used in exploring spa-
tial structures via molecular dynamics methods, resulting in a
wide range of current configurations. This cycle repeats un-
til all explored spaces can be accurately described, leading to
the development of a comprehensive and precise model of the
potential.

2.2.1. Initial dataset

The research conducted by Zheng et al.**! demonstrates
that zirconium hydride undergoes a gradual transition from the
hep phase to the fce phase (O phase) and ultimately to the fct
phase (€ phase) as hydrogen concentration increases. In this
study, we consider three phases. For zirconium, we selecte
a-Zr with a hexagonal closed packet (hcp) crystal structure
and P63/mmc space group as the initial configuration. As
for zirconium hydride, we chose ZrH; in its common and sta-
ble form with I4/mmm symmetry (#139 space group) as the
€ phase (Fig. 1(a)), and ZrHy with Fm3m symmetry (#225
space group) as the & phase (Fig. 1(b)). It is worth noting that
for the lattice problem of e-ZrH, with 14 /mmm symmetry, we
adopt lattice constants of a = b = 3.538 A, ¢ =4.406 A, and
c¢/a = 1.25 in line with the data presented by Zhu et al.[*” and
Chattaraj et al.1*!)

In this work, the initial structure comprises three opti-
mized phases (a-Zr, §-ZH,, €-ZrH;) with random perturba-
tions. To induce perturbation, strain is applied to the lat-
tice constant of the optimized structure in increments of 1%
ranging from 98% to 102%. Additionally, random perturba-
tions are introduced into both atomic positions and box sizes.
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The maximum displacement for atomic positions is limited
to 0.01 A, while the allowable maximum variation for the
box shape is set to 3%. The resulting perturbed structures
serve as initial configurations for ab initio molecular dynamics
(AIMD)#?1 simulations conducted at a temperature of 100 K.
The obtained results are then labeled with energy, force, virial
tensor, element information, box size information, and atomic
position information to form the initial training set. Notably,

all training sets are labeled with the above six pieces of infor-

CD @ O®o0®
o @ ocoo

[ ®-® o

Fig. 1. Structures of ZrH;: (a) € phase and (b) 6 phase.

mation.

x

2.2.2. Exploration

In this work, the configuration was explored by DP-
based molecular dynamics (Deepmd) using the LAMMPS
package,*3 which is compiled with support from the
DeePMD-kit.[*41 Since zirconium hydride and zirconium have
different strategies for exploring configurations, zirconium
hydride and zirconium are sampled separately. For zirco-
nium, the initial configuration consists of a randomly per-
turbed HCP configuration of 3 x3x3 supercells. The NVT en-
semble molecular dynamics simulations are performed over a
range of thermodynamic states spanning from 50 K to 1000 K,
encompassing the temperature at which a-Zr transforms into
B-Zr. For zirconium hydride, the initial configuration con-
sists of randomly perturbed 6-ZH; and &-ZrH; of 2x2x2 su-
percells. The isothermal—isobaric (NPT) ensemble molecular
dynamics simulations are performed in a range of thermody-
namic states, spanning from 50 K to 1000 K (the temperature
at which &-ZrH, remains stable), and pressures ranging from
1 bar to 5x10° bar (1 bar=103 Pa). The permissible range
for the deviation of atomic forces is defined as the range from
0.05 eV/A to 0.30 eV/A. These two values, 0.05 eV/A and
0.30 eV/A, are determined by referring to the model deviation
of the potential trained by using the initial training set. The
iteration process involves constant adjustments of these values
until it proceeds effectively.

2.2.3. Labeling

The calculation of the training set required for the DP
model is based on the DFT[*346] with the generalized-gradient
approximation (GGA) proposed by Perdew, Burke, and Ernz-
erhof (PBE)*7! for the exchange—correlation functional. First-
principles calculations are performed by the Vienna ab initio
simulation package*®%"1 (VASP5.4.4). The k-point meshes

for Brillouin zone sampling are constructed by using the
Monk-Horst—Pack scheme with a grid spacing of 0.15 A~!.
The plane-wave energy cutoff of the plane-wave basis set is
set to 600 eV. For Zr, electron descriptions corresponding to
the 4d?5s? valence states are employed, while only the Is!
electron is treated for H. In the process of an atomic structure
optimization, when the energy change between the two elec-
trons self-consistent steps is less than 10~° eV, and all forces
after the ion step are less than 0.01 eV/A, convergence is as-
sumed.

2.2.4. Training

During the DPGEN iteration, each iteration trains the four
DP models by using the same training set and the same train-
ing parameters. Both the embedded neural network and the fit-
ted neural network have three layers of neural networks, with
the size of the embedded neural network being (25,50,100),
and the size of the fitted neural network (240,240,240). The
embedded neural network cutoff radius of zirconium hydride
and zirconium are both set to 6 A. The number of training
steps is set to 4x 10°, and the learning rate decreases exponen-
tially from 1x1073 to 3.5x 1078,
energy, force, and virial (pe, py, pe) are set to 0.02, 1000, and
0, respectively.

The starting prefactors of

2.3. Long training

After completing the DPGEN iteration, the final train-
ing set is composed of the training set obtained through itera-
tions and the self-provided training set. The efficient model is
trained with 1.6x 107 steps. The number of initial configura-
tions, the number of DP-GEN samples of ZrH,, the number of
point defects datasets, the number of the hydrogen molecular,
and the number of CI-NEB datasets are all listed in Table 1.
Among them, the hydrogen molecular training set is the re-
sult of the optimization of hydrogen molecules at different dis-
tances in 10 Ax 10 Ax 10 A supercells. The DP-GEN iteration
produces detailed data, which are available in the supporting
information. We employ the single-point energy calculation
and AIMD method to acquire precise data on point defects.

Table 1. Number and proportion of training sets.

Dataset type Number of datasets Weightage (%)
initialization datasets 3000 10.9
DP-GEN bulk of §-ZH, 1755 6.4
8-ZH, .
points defects datasets 4236 15.3
CI-NEB datasets 2800 10.1
initialization datasets 2581 9.3
DP-GEN bulk of e-ZrH, 2760 9.9
€-ZrH; .
points defects datasets 3907 14.2
CI NEB datasets 1785 6.5
initialization datasets 3000 10.9
o-Zr  DP-GEN bulk of a-Zr 1199 4.3
DP-GEN surface 492 1.8
H, hydrogen molecules 100 0.4
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The embedded neural network cutoff radius of zirconium
hydride and zirconium are both set to 8 A. The learning rate
decreases from 1x 1073 to 3.2x 1078, The starting perfectors
of pe, py, p, are setto 0.02, 1000, and 100, respectively. Dur-
ing retraining, the training step is set to 4 x 10° steps, to inherit
the knowledge learned from the old model, the learning rate
is lowered by an order of magnitude to 10~%, and the start-
ing values of pe, py, pe are set to 100, 1, 0.9, respectively.
The root-means-square error (RMSE) of the energy (normal-
ized by the number of atoms), the atomic forces, and the virial
tensor (normalized by the number of atoms) in the entire train-
ing dataset are 2.562x 1073 eV/atom, 5.402x 1072 eV/A, and

3.756x 10! eV/atom, respectively.

3. Results
3.1. Basic physical properties

To validate the accuracy of the current DP model, we
initially examine the fundamental bulk properties of o-Zr, -
ZrH and e-ZrH». The obtained results are subsequently com-
pared with the values derived from DFT, experiments, or cal-
culations conducted by using other interatomic potential mod-
els. For o-Zr, the lattice parameters (a and c), bulk modulus
(B), elastic constants (Cy1, C12, C13, C33, and Cy4), and surface
energy (surf-0001, surf-1011, surf-1122) are listed in Table 2.

Table 2. Calculatgd lattice constants (a and c¢/a), elastic constants (Ciy, Ci2, Ca4, C13, and Cs3), bulk modulus (B), and surface energy
(surf-0001, surf-1010, surf-1122) of a-Zr, with surface formation energy being in units of J -m~2,

Properties DP (present) DFT (present) Exp. DFT NNpB! EAMDO!
a (HCP) 3.241 3.239 3.23107 3.2311581 3.231 3.223
c/a 1.597 1.599 1.603571 1.5981581 1.602 1.598
B 95.80 94.82 111.6
Cii 143.94 148.04 155.41591 147781581 1415 157.3
Ci 69.75 62.24 67.215 70.661581 67.2 98.9
Ci3 69.37 65.54 64.6159 65.51181 67.2 71.6
C33 159.33 170.01 17251591 168.291581 168.7 181.4
Cuy 26.24 24.61 36.31591 2541081 28.9 30.3
Surf-0001 1589.45 1638.12 20001601 158001 1593.8 1127
Surf-1010 1657.40 1662.25 2050L01 1664151 1631.9 1273

Surf-1122 1724.48 1718.34

In general, the results from the DP model are in better
agreement with the DFT results for these properties in com-

parison with those from EAM 3]

and demonstrate that its per-
formance is comparable to NNP’s!>!! in terms of DFT results.
The lattice constants are well-matched by all three potentials
in comparison with the DFT calculation. However, due to
the inherent differences between the experimental results and
DFT calculations, some disparities also exist. As mentioned
in Refs. [52-56], the DFT results of C33 and Cy4 are slightly
lower than the experimental values, and the results from the
DP model are consistent with DFT results, which are naturally
lower than the experimental values. The limitations of the DP
model itself and the disparities between experimental environ-
ments and simulations are the primary factors that contributs
to this scenario. The lowest energy surface predicted by the
DP model is surf-0001, consistent with the results of DFT and
Ref. [51], and the DP model has high accuracy for surfaces
(surf-1011) and (surf-1122). The DP model shows that the
surface energy is consistent with the DFT result, and can also
predict the energy order of the surface of zirconium. Gener-
ally, the EAM potential does not include the surface energy in
the fitting target, so the EAM potential does not behave as well
as the DP model or the NNP in terms of surface energy. The
DP model demonstrates satisfactory performance in predicting

the bulk properties of a-Zr, as indicated by the above results.

For 6-ZrH,, the result of the optimized lattice constants
and elastic constants together with previous theoretical results
are given in Table 3.

Table 3. Calculated values of lattice constant (), and elastic constants
(C11, C12, Ca4) of 8-ZrH,.

Properties  DP (present)  DFT (present) DFT 1391 MEAM
a 4.821 4.821 4.824 4.6201191
B 133.05 132.94 132.92 1421191
Cu 96.03 79.427 78.06 82.40*
Ci» 151.56 156.081 160.35 104.37*
Cus -26.06 -35.831 -39.42  -16203.46*

*Calculated in the present work.

Our calculated results exhibit excellent concordance with
other theoretical values. The values for C44 and the Ci1—Cj»
calculated by DFT are negative, indicating mechanical insta-
bility of 8§-ZrH, at zero temperature.

For e-ZrH,, the results are shown in Table 4. From the
the perspective of elastic performance, unlike §-ZrH;, e-ZrH,
meets the mechanical stability conditions and remains stable at
a temperature of 0 K. The DP model is demonstrated to exhibit
satisfactory agreement with DFT in a wide range of properties,
including elastic constants (Cy1, C2, Ci3, C33, and Caq), lattice
constants (a, ¢), as well as bulk modulus (B).
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Table 4. Calculated values of lattice constants, elastic constants (Cyy,
C12, C13, C33, and Cyyq), bulk modulus of €-ZrH,.

Properties  DP (present)  DFT (present) Exp. DFT

a 3.538 3.541 3.5180621 3538041

c 4.446 4.450 44471620 44421411

c/a 1.256 1.256 1.2641021 1255041
B 134.60 133.16 132+
Cn 225.15 216.44 225*
Cn 94.84 100.64 91*
Ci3 102.65 102.06 105*
Cs3 161.28 152.2 148*
Cu 31.07 40.95 32*

*Cited from Materials Project Database.

Further, we verify the tendency of the energy variation
with the equilibrium volume in the DP model. Using the DP-
GEN workflow, we investigate the energy change with volume
at 80% to 120% of the equilibrium volume of ZrH, and -Zr.
We calculate the equations of state (EOSs) of three EAM po-
tentials of Mendelev and Ackland,'®! which are denoted as
Mendelev and Ackland #1, #2, #3 respectively. Unlike the
empirical potential where the energy of a single isolated atom
is zero, the energy of a single isolated atom in the DP model
is not zero. To make a better comparison of EOS among dif-
ferent potentials of a-Zr, we use cohesive energy as a function
of the change of DFT and potential energy with atomic vol-
ume. For ZrH,, we only compare the DFT results with the
EOS predicted by the DP model.

T
= DFT

- - DP
= Mendelev and Ackland #1
= Mendelev and Ackland #2

|
ot
o
yd

£
2 58
< : Mendelev and Ackland #3
L 6.0 NN\ T /
% —6.2 \ ~—~ —
g \
=]
® 6.4
g I——
2
< —6.6
]
O
—6-83 20 22 24 26 28

Atomic volume (A3)

Fig. 2. Plots of cohesive energy versus o-Zr in atomic volume ranging
from 18 A3 t0 28 A3.

As depicted in Fig. 2, the DP model shows excellent
agreement with our DFT calculation for o-Zr. The discrep-
ancy in the EOS calculated by the EAM and DP models can
be ascribed to their distinct predictions regarding the lattice
parameter. When the volume is smaller than the equilibrium
volume, the energy of the Mendelev and Ackland #2 exhibits a
more pronounced increase than the DFT calculation. A faster
growth of the energy of Mendelev and Ackland #1 is also
noticed as the system is larger than the equilibrium volume.
Compared with the EAM potential, the DP model exhibits

good agreement with the EOS obtained from DFT calcula-
tions. The main difference is due to different predictions of
lattice constants by DP model and EAM potential.

In the volume change range of ZH», regardless of 0-ZH;
or e-ZrH, (Figs. 3 and 4), there is a strong consistency be-
tween the DP model and DFT. The EOS for 6-ZH, shows
negligible differences from DFT predictions, while &-ZrH;
exhibits slight variations in compression volume, gradually
aligning with DFT predictions. These findings highlight the
sensitivity of the DP model to energy change and its high pre-
cision, thereby offering promising prospects for achieving ac-
curate MD simulations in large-scale systems.

—16.2

~16.3
—~16.4 — DFT

\ .. .DP

—16.5
—16.6

—16.7 \

—16.8 A\

\. o
—16.9 —
\_/
—17.0

7.0 8.0 9.0 10.0 11.0
Atomic volume (A3)

Potential energy (eV)

Fig. 3. Potential energy versus atomic volume ranging from 7 A3 to
11 A3 of §-ZrH,.

—16.3

—16.4

—16.5 \ ... DP

16 \ - /
~16.9 »
~17.0 —

7.0 8.0 9.0 10.0 11.0

Atomic volume (A3)

Potential energy (eV)
Lol
o o
9 o
el

Fig. 4. Plot of potential energy versus atomic volume ranging from 7 A3
to 11 A3 of e-ZrH,.

3.2. Formation energy of point defects in ZrH,

In the radiation environment, point defects will occur fre-
quently, and defect clusters will be formed to a certain ex-
tent, which will directly affect the thermodynamic properties.
At the same time, point defect is an important index to mea-
sure potential quality. In this work, we fully consider various
point defects in ZrH;. The values of formation energy of self-
interstitial atom (SIA) and single vacancy atom are shown in
Tables 5 and 6. For 6-ZH, and £-ZrH,, we consider the val-
ues of formation energy of H at the octahedral interstitial sites
of Zr (H§® and HY®"), Zr at octahedral interstitial position of
Zr (ZrQ and Zrd®"), a single H vacancy (Hy* and HY*), a

Vac

single Zr vacancy (Zrz* and ngac), and hydrogen atom from
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the tetrahedral position of zirconium to the octahedral position
of zirconium (Frenkel-pair). The vacancy calculation equation
is as follows:

E! = E, — Eperfect + EZ514 (EEL). 3)

gas
The STA calculation equation is as follows:

SIA Z H
Ef™ = Eperfect+zr(H) — Eperfect — ESia (Egas)’ )

in which Eperfects EZ1: Egas» Evs Eperfect+z¢(m) Tepresent the to-
tal energy of the perfect ZrH, supercell, solid Zr crystal, gas
hydrogen, vacancy defect, self-interstitial defect. For 6-ZH5,
it can be seen from the calculation that the octahedral inter-
stitial position of zirconium (Hg“) can form hydrogen atom
defect in 8-ZH; most easily and it has a minimum energy
of 0.383 eV. Conversely, the most difficult defect to form is
ng“, which has the largest formation energy of 6.261 eV.
The DP model has the same result as the DFT for the en-
ergy order of the formation energy of each defect, both being
HQ < HY* < §-Frenkel-pair < Zry™ < Zrg®'. Overall, the
DP model has satisfactory results in terms of the performance
of defect formation energy.

Table 5. Calculation results of point defects of 8-ZrH,, covering vacancy
formation energy of H and Zr (Hgac, Zr}{"‘c), defect formation energy of H
and Zr at octahedral interstitial sites (HgC‘ngm), defect formation energy of
H from tetrahedral position of zirconium to octahedral position of zirconium

(8-Frenkel-pair), in units of eV.

Type DFT (present) DP (present)
HQ 0.383 0.358
HYy* 0.835 0.818
71t 6.261 6.181
Zry© 2.064 2.022
S-Frenkel-pair 1.214 1.156

Table 6. Calculation results of point defects of €-ZrH», covering va-
cancy formation energy of H and Zr (HY*, Zrys), defect formation
energy of H and Zr at octahedral interstitial sites (HO®ZrQ®"), defect
formation energy of H from tetrahedral position of zirconium to the oc-
tahedral position of zirconium (&-Frenkel-pair), in units of eV.

Type DFT (present) DP (present)
HO< 0.447 0.416
HY? 0.846 0.836
ZrQct 6.152 6.120
Zryse 2.552 2.527
e-Frenkel-pair 1.234 1.202

For €-ZrH,, from the DFT calculations it can follow that
the results of each hydrogen defect have relatively consistent
results with 6-ZrH,, such as HZaC and e-Frenkel-pair results
are consistent with HY* and §-Frenkel-pair, H?® and H{'
have similar results. This can be related to the arrangement of
hydrogen occupying the tetrahedral position of the zirconium
in both 6-ZH; and e-ZrH,. The performance of the DP model
is also encouraging in the defect formation energy of &-ZrHj,

and the error of DFT is within 50 meV. The precise character-
ization of defect properties by the DP model contributes to ac-
curate determination of the threshold energy of displacement
and investigation into the generation and evolution of radiation
defects under radiation conditions.

3.3. Diffusion of hydrogen and zirconium in ZrH,

To further explore the diffusion behaviors of H defects
and Zr defects in ZrH,, the climbing image nudged elas-
tic band (CI-NEB)!%3] method is used to identify the transi-
tion state. We consider three different migration paths in d-
ZrH; and e-ZrH;, hydrogen atom migration between octahe-

Oct—Oct Oct—Oct
H 5 , Hyg )

dral gaps of zirconium ( , migration of hy-

drogen atom in the presence of hydrogen vacancy (Hgac*vac,
HY2~Va%) and migration of zirconium atom in the presence
of zirconium vacancy (ngacfvac, ZrYa=Va¢) - Our objective
is to enhance the learning capability of the DP model by in-
corporating a wide range of migration paths, ensuring a com-
prehensive training dataset, and identifying the migration path
with the lowest energy and most likely migration path. For &-
ZrH;, various migration paths in the [001] direction are shown

Oct—Oct—1
H6

in Fig. 5, is that the hydrogen atom starts from

the octahedral position to the octahedral position of the same

Oct—Oct—2
plane, Hj

is that hydrogen atom starts from the oc-
tahedron position to the lower atom, and the lower hydrogen

atom reaches the octahedral site of the same plane.

O
O
)
O

(®) ) O O
v v vV v
Oct—Oct—1
o1 Hi 02
........ >
- '.‘A H\ojac—Vac .
O'reeerennns +»>0 0
HOct—Oct—2
o ..... - ° o
Zrt\sfacf\/ac
@) @) @) O

Fig. 5. Diagram of §-ZrH; diffusion model within (001) plane. Both
red and gray balls represent hydrogen atoms, with the red ones situated
at octahedral interstitial sites. The green ball denotes zirconium atom,
and blue balls refer to vacancies. Dashed lines show diffusion paths.

The Hgac_vac path is the hydrogen atom arriving at the

vacancy, leaving a new vacancy. and ngac‘vac

is the same
as H%/achac’ except that the moving atom is zirconium. For
&-ZrH,, various migration paths of €-ZrH; in the [001] direc-
tion are shown in Fig. 6. Like 6-ZrH>, Zr}f‘c_VaC is the closest
neighbors of atom moving to the same plane. The HY2¢~ V4 ig

the atom moving to closest neighbors of the upper plane. The
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HO<t=Oct i5 that hydrogen atom starts from the octahedral site

to the octahedral site on the same plane.

<
02
o @ o
A
0 Hg)ct—Octé °
: H\E/acf\/ac‘.'
o @ o
o1
0 0 0
Zr;/ac—\/ac
0@ -
A4

Fig. 6. Diagram of &-ZrH, diffusion model within (001) plane. Both
red and gray balls represent hydrogen atoms, with red ones situated at
octahedral interstitial sites. Green ball denotes zirconium atom, and
blue ones refer to vacancies. Dashed lines show diffusion paths.

In the NEB calculation of VASP, we insert five points in
each transition path of §-ZrH; and three points in €-ZrHj,
based on the optimized atomic distances of the initial state
and final state. The NEB method in LAMMPS is also used
to verify the accuracy of the DP model for the migration bar-
rier. Similarly, to accurately verify the performance of the DP
model on the migration barrier, the insertion points in the mid-
dle of LAMMPS are consistent with DFT calculations. When
the maximum interatomic force is less than 0.01 eV/A, the
NEB calculation is considered to be convergent. The time
step for subsequent molecular dynamics simulations is set to
0.001 ps. Figures 7 and 8 depict the energy curves for different
paths, with the highest peaks being the diffusion and migration
barriers of migrating atoms.

3.5

-0~ DFT-HQet—Oct—1
| & DP-HYet-0ct-1

-0~ DFT-HQet—0ct—2

- DP-Het—0ct—2
2.5 [ <~ DFT-ZrYacVac
- DP-ZyYae—Vac
2.0 k- DFT-Hyse-Vac
- DP-HYec-Vee [/

2.971 eV 2.950 eV

3.0

1.5

Relative energy (eV)

1.0

0.5

04

1 2 3 4 5 6
Reaction coodinate

Fig. 7. Migration energy along different paths in 6-ZrH,.
refers to the NEB pathway for a hydrogen atom migrating from an octa-
hedral site to another octahedral site. ch"o""z represents the pathway
for a hydrogen atom to migrate from a tetrahedral site to an octahedral
site. Hgac—Vac denotes the pathway of a hydrogen atom migrating from

a tetrahedral site to a tetrahedral vacancy site. ngac’v"’“ is the pathway

for a zirconium atom to migrate from an initial site to a vacancy site.

HOC[*OC[* 1
1

For 6-ZrH;, the migration barrier for hydrogen atoms

HOct—Oct—2
[

in 6-ZrH, is smallest along the , with a barrier

value of 0.371 eV, while the migration barrier for hydrogen

atom at the octahedral position along the H(gCt’OCt’I

path is
significantly higher at 1.417 eV. In the presence of a hydro-
gen vacancy, the migration energy barrier for hydrogen atom
diffusion to the vacancy (Hgac_vac) is 1.064 eV. Conversely,
when there is a vacancy of zirconium atom, the migration
of zirconium atom from its original position to the vacancy
(ngac_vac) shows a much larger potential barrier than all other
paths followed by the movement of hydrogen atom, reaching
2.971 eV. The DP model aligns well with DFT results in terms
of migration barrier curve and predicts migration energy val-
ues of 0.322 eV, 1.333 eV, 2.950 eV, and 1.039 eV for paths

H(ﬁ)ctfoctfl, Hg)ct700172’ ngac:fVac’ and H)Slachac’ respectively.
—O—DFT-HOct-0ct 4.052 eV, 4.154 eV
4 —m— DP-HOct—Oct
— DFT-ZrYac—Vac
— —A— DP-7yVac—Vac
E 3 | —0— DFT-HYac—Vac
b>5 —— DP-HVac—Vac
g
g 1.731 eV 1.623 eV
2 -
o
>
&
<
]
= 1)
1.128 eV 1.155 eV
O L 1 L 1 L 1 L
1 2 3 4

Reaction coodinate

Fig. 8. Migration energy along different paths in e-ZrH,. HQ¢—Oct
refers to the NEB pathway for a hydrogen atom migrating from an oc-
tahedral site to another octahedral site. HY2~V4 denotes the pathway
of a hydrogen atom migrating from a tetrahedral site to a tetrahedral

vacancy site. Zry**~ V2 represents the pathway for a zirconium atom to

migrate from an initial site to a vacancy site.

For &-ZrH,, Hou et al.'®¥ investigated various migration
paths of hydrogen atoms in the presence of hydrogen vacan-
cies and identified T-T2-T1 (The hydrogen atom starts from
the original position through the tetrahedral interstitial site and
reaches the location of the excavated hydrogen atom, as a re-
sult, the original position turns into vacancy) as the most favor-
able fusion pathway. To facilitate the recognition of DP model
of this pathway, we replicate the calculation of the transfer
energy barrier in this study. The obtained result aligns with
that of T-T2-T1, which represents the optimal fusion path.
Furthermore, our DP model successfully reproduces this out-
come (Fig. 9). Our calculations indicate a migration energy
barrier value of 0.489 eV for the T-T2-T1 migration path,
slightly higher than the value of 0.456 eV reported by Hou et
al. Additionally, the DP model test yields a value of 0.519 eV.
The results of e-ZrH; are presented in Fig. 8. Of the three
species, Zry**~ V4 has the highest transfer energy of 4.052 eV,
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HOOct has 1,731 eV, while HY*~ V2 has the lowest trans-
fer energy of 1.128 eV. The barrier heights obtained from the
DP model align with the energy order predicted by the DFT
calculations, with respective transfer energy of 4.154 eV for
ZrYyae=Vae 1623 eV for HO=O¢t and 1.155 eV for HY2—Vae,
Hydrogen loss poses a significant challenge in implementing
metal hydride neutron moderators in reactors. Thus, accu-
rately characterizing hydrogen diffusion behavior is crucial for
investigating hydrogen desorption kinetics.[®>! The diffusion
of hydrogen and zirconium discussed in this work can serve as
a fundamental basis for investigating the kinetics of hydrogen
desorption.
0.6

0.489 eV 0.519 eV
0.5
0.4

—_ DFT_HT—TZ—TI
0.3r :

— A DP_H?—Tz—TL

0.2

Relative energy (eV)

0.1f

O0 2 4 6 8

Reaction coodinate

Fig. 9. CI-NEB pathways for hydrogen migration from tetrahedral site
to tetrahedral site through tetrahedral site (HX~T>~T1) with related mi-
gration energy of H in the vicinity of a vacancy in €-ZrHj.

3.4. Threshold energy of displacement in e-ZrH,

In the research of radiation simulation, it is difficult to di-
rectly simulate the radiation with high-energy and high-current
neutrons, so primary knock-on atoms (PKAs) with certain ki-
netic energy are usually used to simulate the cascade collision
process. These PKAs refer to lattice atoms that gain some
energy after being impacted by neutrons and subsequently im-
pact the lattice atoms of materials. The radiation damage and
anti-radiation properties of the material are studied by analyz-
ing the changes in the material after the cascade collision. In
the process of defect evolution, the threshold energy of dis-
placement (Ey) is a crucial parameter, which plays a key role
in the generation of PKA and the subsequent cascade process
and is the basis for ensuring the cascade process and the cor-
rectness of the simulation results. To simulate the short-range
interaction between atoms in the cascade process, we intro-
duce Ziegler—Biersack—Littmark (ZBL) potential into the DP
model which is represented as DP-ZBL. The DP model ac-
cess ZBL potential has its interface in the DPMD-kit, and by
adding keywords during training to activate the DP-Tab mode
after preparing the Tab potential table file. Other training pa-
rameters remain unchanged. The specific methodological de-
tails can be found in Ref. [66]. Then, we calculate the thresh-
old energy of displacement of zirconium and hydrogen in &-
ZrH, for the DP-ZBL model.

In this work, in the simulation, three-dimensional peri-
odic boundary conditions are adopted, and the simulated crys-
tal cell is the 20x20x20 supercell of e-ZrH;. The simulated
configuration spans dimensions of 70 Ax70 Ax89 A in the x,
y, and z directions, encompassing a total of 4.8 x 10* atoms.
The area surrounded by x from 8 Ato62 A, y from 8 Ato62 A,
and z from 8 A to 80 A is set as an interior area. The simula-
tions are all conducted at a temperature of 30 K. The system is
first subjected to static relaxation by using the conjugate gra-
dient method. Then, the entire simulated cell is subjected to
dynamic relaxation of 1 ps by using the Nose—Hoover hot bath
and pressure control method in the NPT ensemble, with time
steps of 1 fs. After equilibration, in the radiation damage simu-
lations, a canonical ensemble (NVT) is used for the outer layer
of atoms and a microcanonical ensemble (NVE) is utilized for
the inner section of atoms. The outer boundary region of the
simulated crystal cell is controlled to maintain a lattice sys-
tem temperature through the velocity calibration method. A
zirconium or hydrogen atom near the center of the simulated
crystal cell is randomly selected as the PKA. To obtain the
minimum energy of displacement in each direction, the recoil
energy increases from 0 in steps of 1 eV until a Frenkel-pair
is first recognized, then, the recoil energy decreases in steps
0.1 eV to obtain a more accurate value. The minimum PKA
energy corresponding to the generation of a stable Frenkel-pair
is defined as the E4 of the atom in the chosen direction. The
Wigner—Seitz method is adopted for defect analysis,®”) and
the Wigner—Seitz primitive cell is constructed with the lattice
atomic position at time ¢ = 0. The system structure at a time of
cascade collision is compared with the Wigner—Seitz primitive
cell. If there are no atoms in the Wigner—Seitz primitive cell,
the Wigner—Seitz primitive cell is said to be empty. If there are
two or more atoms in a Wigner—Seitz primitive cell, the atom
farther away from ¢ = 0 is interstitial atom. We calculated the
Ejgys of zirconium and hydrogen along the direction of [100],
[101], [111] and the calculation results are listed in Table 7.

Table 7. Calculation results of threshold energy of displacement (Eq4)
for Zr and H.

PKA atom Direction Eq (eV)
100 22.7
Zr 101 21.5
111 24.5
100 4.6
H 101 52
111 4.8

For the DP-ZBL, zirconium PKA has the largest E4 in
the [111] direction, followed by the [100] direction, and the
smallest Eq4 in the [101] direction, which are 24.5 eV, 22.7 eV,
and 21.5 eV, respectively. The E4 of the hydrogen PKA is
around 5 eV in all directions. In the [101] direction, E4 has
a maximum value of 5.2 eV, followed by 4.8 eV in the [111]
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direction, and a minimum value of 4.6 eV in the [100] direc-
tion. In general, the E4s of hydrogen and zirconium in DP-
ZBL exhibit minimal variation with direction, which is likely
to be attributed to the bonding characteristics between €-ZrH»
atoms and the inherent symmetry of the crystal structure. The
Ej4 of hydrogen varies in a range of 4 eV-6 eV, while the Eq4
of zirconium varies in a range of 21 eV-25 eV. The above re-
sults indicate that hydrogen has a lower threshold energy of
displacement and is more likely to leave the initial position,
which promotes the formation and diffusion of hydrogen de-
fects, and also confirms the result that the defect formation en-
ergy and migration barrier of hydrogen are lower than those of
zirconium defects. In conclusion, the molecular dynamics can
be used to examine threshold displacement occurrences along
three main crystallographic orientations in zirconium hydride.
The predicted E4 values provide relevant parameters for mod-
eling radiation damage in ZrH; in the future.

4. Discussion

From the above evaluation results, the potential of the
ZrH, system developed in this work is satisfactory. The DP
model can well describe the basic bulk properties of a-Zr, 8-
ZrH;, and e-ZrH;. In addition, this potential can accurately
describe the point defects of ZrH, and the diffusion energy
barrier of point defects, and the calculated results are in good
agreement with the DFT results. The potential model pro-
posed in this work serves as the foundation for comprehend-
ing the service performance of zirconium hydride as a neutron
moderator material in nuclear reactors. This potential can be
used to study the thermodynamic properties and defect kinet-
ics of the ZrH, neutron moderator. Another important appli-
cation of this potential is to study the diffusion of H atoms in
ZrH, and the hydrogen loss behavior of H on the surface. The
high-temperature radiation performance data of zirconium hy-
dride are the basis to support its engineering application in
micronuclear reactors, but the research in this area is very
scarce. Describing the kinetics of hydrogen desorption during
the diffusion release of hydrogen from zirconium hydride is
the physical basis for characterizing its high-temperature ther-
mal stability. Despite this, many questions in this field remain
to be resolved, and the development of interatomic potentials
and MD simulations, which will take place in the future, can
provide insights into these questions. Considering the special
phase structure of €-ZrH», the we believe that this work is an
important step in the development of the interatomic potential
of ZrH; system. The current work still has some shortcom-
ings. The influence of the threshold energy of displacement
is dependent on the size of the simulation box and the time
step. Nonetheless, the influence of these variables on the sim-
ulation results is not included in this specific simulation study.

The discrepancy between DP models and experiments is lim-
ited by the inconsistencies between DFT calculations and ex-
periments. In the subsequent research, we will focus on en-
hancing the fusion of multiple data, including experimental
data, into the model training process to improve the ability of
the potential to describe experimental results. In future work,
we will use the DP model to continuously optimize the po-
tential to address any problems that may arise. If more effi-
cient and accurate potential models are proposed in the future,
and more knowledge about the ZrH; system is gained from
first-principles calculations and experimental results, then the
potential should be further improved.

5. Conclusions

The deep learning potential method is employed to estab-
lish an accurate potential for ZrH, neutron moderator mate-
rial. The results demonstrate that the developed potential ac-
curately describes both pure zirconium and zirconium hydride.
Firstly, for pure zirconium, the DP model effectively calcu-
lates various fundamental properties of a-Zr, including lattice
constants, elastic constants, cohesive energy, equation of state,
and surface energy. Regarding ZrH;, the DP model exhibits
high accuracy in determining the lattice constants, elastic con-
stants, and equation of state for both §-ZH, and €-ZrH,. Fur-
thermore, the DP model successfully reproduces the point de-
fect properties and diffusion behavior of hydrogen and zirco-
nium in 8-ZH, and &-ZrH,. Additionally, by combining the
DP model with ZBL potentials the DP-ZBL approach is uti-
lized to compute the threshold energy values of displacement
of hydrogen and zirconium in various orientations within &-
ZrH,. The developed potential model effectively characterizes
the defect properties in ZrH;. Performing molecular dynam-
ics simulations based on our potential model can significantly
enhance our understanding of the evolution of radiation de-
fects in ZrH, as a neutron moderator. The data obtained from
these simulations can serve as a fundamental basis for further
research on the evolution of radiation defects.
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